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Figure 3. Test set-up and typical load-deflection curves. 
Figure 4 shows the trend of failure load versus overlap length with reference to steel/steel and 
steel/CFRP specimens only. From the figure the following remarks may be made: 
·  the failure load seems to be proportional to the overlap length up to 100 mm overlap where a 
plateau is reached. An approximate lines are plotted in relation to steel/steel is steel/CFRP  joints  
·  steel/steel joints exhibited a slightly higher strength than steel/CFRP joints 
·  steel/GRP joints exhibit significantly lower strength than the rest  
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Figure  4. Failure loads of steel/steel and steel/CFRP joints with different overlaps and outer 
adherends thickness. 
·  thinner CFRP straps in longer joints exhibits slightly lower strength than equivalent thicker 
ones                             
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Figure  7.  FEA  modelling  for  DLS  joints  –  (a)  loading  and  boundary  conditions,  (b) 
standardisation  of  mesh,  (c)  12  layers  outer  adherend/CFRP  and  (d)  3  layers  outer 
adherend/CFRP. 
 
Table 1. Materials properties 
 
The validation of the numerical models showed good correlation between the experimental and 
numerical strain values at the corresponding locations (see Figure 3). Figure 8 compares the 
results for models 50/6C/G2 and 200/6C/G1. The former was modelled as multiple composite 
layers  while  the  latter  assumed  average  properties  for  the  CFRP.  In  fact  both  models  gave 
reasonable agreements, especially within the elastic limits of the adherends. The property of the 
steel in the long overlap seems to be more difficult to correlate (SG2). Therefore, a more detailed 
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steel property is needed. In addition the experimental curve for the long overlap, is showing 
nonlinearity also for the CFRP after 70 kN load for the 200/6C/G1. 
 
Figure 8. Correlation of force/strain curves-(a) specimen 50/6C/G2 and (b) specimen 200/6C/G1. 
Figure 9 shows adhesive stresses distributions along the joint at the interface with the inner and 
outer adherends, for the 50 mm overlap. The maximum principal (PS) stresses are as expected 
high nearer the edge of the joints and tend to be higher at the right hand side of the joint (upper 
interface).  Also,  the  adhesive  seems  to  reach  full  plasticity  in  shear.  Besides  these  critical 
stresses within the adhesive, the figure (c) shows another critical location which is the resin at 
the interface with the adhesive to the right hand side/centre of the joint. The stress contour shows 
a very high level of principal stress for the brittle epoxy resin which could be the mean source of 
failure initiation and propagation. The tensile strength of the matrix epoxy resin is 65 MPa, as 
given by the manufacturer (see Table 1).  
 
Figure  9.    Stresses  in  steel/CFRP  model/joint  50/6C/G2  -  (a)  stresses  location,  (b)  stresses 
distribution along upper adhesive interface and (c) contour of maximum principal stress in the 
first resin layer.  
 
In order to determine the critical stresses, it was necessary to carry out check of various locations 
within  the  models.  Figure  10  shows  such  locations  for  a  CFRP/steel  model.  The  following 
stresses and locations were considered:- 
(c)  
·  shear and peel stresses at the upper adhesive interface with top resin (RHS) 
·  tensile stress at the top resin interface with the adhesive bondline (RHS)  
·  tensile stress at 0-direction top CFRP ply (RHS) 
·  tensile stress of inner steel adhernd (LHS) 
 
Figure 10. Possible failure initiation locations within the steel/CFRP DLS models. 
 
The level of these critical stresses help to predict joint failure, but with a large margin of error. 
Furthermore, what was critical for short overlaps may not be so for longer ones. Principal or 
tensile stresses of the top epoxy resin layer seem to give good indication of joint failure. The 
scatter among the models is about 30%.  
Another  important  approach  to  predict  failure  is  the  level  of  plastic  shear  stress  within  the 
adhesive. Figure 11 shows the stress distributions along the upper interface of the adhesive with 
the CFRP laminate (outer adherend). All three steel/CFRP models exhibited similar peel and 
principal stresses at the joint ends, especially at the right hand side of the joint. The 50 mm 
overlap seemed to produce a largely plastic behaviour and interestingly both the 100 and 200 
mm cases developed a similar size plastic zone, about 40 mm. A possible failure criterion here is 
that  following  the  plasticity  in  shear,  a  brittle  fracture  can  develop  leading  to  steady  crack 
propagation, as idealised in Figure 11(b). This will be discussed further in the following section. 
 
 
Figure 11. (a) Shear stress distributions along the upper interface of the 50/6C/G2, 100/6C/S1 
and 200/6C/G1 models and (b) idealisation of shear stress distribution showing a stable fracture 
(S.F) zone.  
DISCUSSION 
The standard fabrication method used in this study can be adopted for practical application and 
the test results from fabricated specimens suggest the bonding process is robust. However, some 
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joints,  especially  long  ones,  showed  some  scatter  and  this  applies  to  both  steel/steel  and 
steel/CFRP specimens.  The steel/steel case displayed highest strength. The test results for long 
overlaps (200 mm) suggest a limited static strength advantage over 100 mm overlap. Results 
from an intermediate overlap length of 150mm overlap would be useful to confirm this. The 
shorter overlap joints were able to carry loads up to the level where the entire bondline yielded in 
shear causing joint fractures.  The results from the high strength steel seem to have no advantage 
in  this  case.  On  the  contrary  some  of  the  low  tensile  strength  steel  joints  produced  higher 
strength! Therfore, further mechanical testing is required to assess the fabrication process and to 
understand the joint behaviour and failure.  
The FEA strategy of modelling the first two plies of the CFRP and their resin layers seems to 
yield  encouraging  results,  while  accounting  for  maximum  stress  and  strain  values  at  critical 
spots, including the matrix resin.  The results from both experiments including the DIC system 
and FEA confirm that failure tends to start at the centre of the DLS joint at the interface between 
the adhesive and CFRP laminate for the configurations where the inner adherend is stiffer than 
the two outer adherends. The exception is the long steel/steel specimens where the combined 
stiffness of the outer adherends is larger than that of the inner adherend such that the largest load 
transfer through the bondline occurs at the free ends of the outer adherends to the left hand side 
of the joint. In those cases, the fracture started from the free ends of the overlaps (i.e. from the 
left). 
The FEA results which are based on critical stress or strain values at prescribed distances from 
critical locations are a  useful tool to predict joint failure, especially for short overlaps. This 
approach however, gave inconsistent results and this made it difficult to predict joint failure for 
models with long overlaps. An alternative is offered by modelling the fracture specifically. The 
basic assumption of this approach is that final fracture of the bondline occurs at the applied 
loading where the energy available to progress the damage exceeds the damage resistance of the 
bondline (see Figure 11). There are four distinct contributions to the energy balance that may be 
considered , namely i) the work performed by the externally applied forces , ii) the elastic energy 
released from the specimen, iii) the work dissipated due to deformations in the bondline and iv) 
the work of creating the damage to the adhesive bondline. To proceed with this approach it is 
necessary to establish the distribution of stresses and strains in the adherends and bondline that is 
reasonably representative of what occurs when the joint is loaded up to its capacity. For simple 
joint geometries, it is possible to establish simple formulae for the stresses and strains leading to 
simple formulas for the energy contributions. Simple formulae for the fracture load of some 
simple joint geometries have been formulated by McGeorge [6]. They account for the elastic 
energy in the adherends and adhesive as well as for the inelastic dissipation of energy in the 
bondline. The same approach may be applied to DLS joint geometries. A complication is that 
two distinct fracture modes are possible with this joint geometry and both need to be considered. 
Work  is  in  progress  to  derive  the  simple  formulae  for  the  case  with  long  overlaps. 
Implementation  in  numerical  tools  would  require  a  damage  model.  A  bi-linear  traction-
separation law for a cohesive zone model (CZM) [7] or similar damage models could be an 
option. 
 
Key conclusions from this study include; (i) the initial work showed a limited advantage in using 
high strength steel for long overlaps although this may change with a higher strength adhesive; 
(ii)  CFRP  composite  provides  double  the  joint  strength  of  the  equivalent  GRP  within 
steel/composite joints; (iii) the overlap plateau for the tested steel and CFRP joints appears to be 
limited to 100 mm, under quasi-static loading; (iv) a considerable length of the bondline was 
loaded into the inelastic range before fracture, typically up to 50 mm for joints with high failure 
load, carrying much of the applied loading, thus showing that attempts at predicting failure of 
such joints would have to account for nonlinear inelastic adhesive behaviour; (v) various failure 